Effects of methylmercaptan solution (MS), a volatile sulfur compound produced by gram-negative oral microorganisms, on the adhesion of reline denture resins were investigated. For this purpose, a total of 120 disk-shaped specimens prepared from a heatpolymerized denture base resin (Acron) immersed in MS of different concentrations (0.01, 0.1, and 1.0 mol) as well as in purified water as a control at 37°C for 4 weeks. Each of three commercial autopolymerizing reline resins (Rebaron, Mild Rebaron, and Tokuyama Rebase II) was bonded to a specimen. The shear bond strength tests were conducted for the specimens, with and without the application of a primer. The bond strength with 1.0 mol MS was significantly lower than those with other solutions (p < 0.05). The primer application had a significant positive effect on the bond strength. The debonded Acron surfaces showed evidence of incomplete polymerization. The results suggested a potential adhesion-inhibiting effect of the MS on relined dentures.
INTRODUCTION
Elderly patients often require prompt treatment of masticatory disorders. For ill-fitting removable dentures, direct reline has been shown to be effective for improving the stability, support, and retention. Direct reline of denture bases in the mouth itself is frequently undertaken chairside procedure that involves the use of autopolymerized acrylic resins. This method is inexpensive and does not require laboratory procedures.
For each relining procedure, its success hinges chiefly on the bond strength between the reline resin and the denture base resin -which has been plagued with less-than-satisfactory bond strength performance [1] [2] [3] . The weak bond strength causes separation at the interface between these materials, followed by stain penetration at the interface. Against this backdrop, dentures that have been used for a prolonged period are prone to adhesive failure. This is because after prolonged use, dentures might develop microcracks because of repeated and forceful flexion, and these cracks may facilitate microorganism invasion or staining 2, 4, 5) . Some studies examined the bond strength between reline resins and denture base resins, wide-ranging attempts have been made to increase the strength by using mechanical surface treatments such as roughening, and chemical surface treatments with methyl methacrylate (MMA) monomers or certain organic solvents of the denture base resin [6] [7] [8] [9] [10] [11] [12] [13] . Other studies examined the influences of immersing denture base resins in water, olive oil, or milk on the bond strength between denture base resins and reline resins [14] [15] [16] [17] [18] . However, to date, the causes of bond failure have not been sufficiently elucidated.
When the surface of a denture that has been used for a long period is ground with a bur, malodor is frequently detected. Many of the microorganisms in the oral flora produce odors under in vitro conditions. Gram-negative oral microorganisms produce volatile sulfur compounds (VSCs), including hydrogen sulfide and methylmercaptan [19] [20] [21] [22] [23] . VSCs are presumably produced by the oral microorganisms that invade the denture base material, and these compounds probably inhibit adhesion between the reline resins and the denture base resins. In this study, the focus would be on methylmercaptan, which is one of the VSCs produced in the mouth and is used as a chain-transfer agent in industrial polymerization processes 24) . Chaintransfer agents stop the elongation of a molecular chain by transferring an atom to the active radical located at the end of a growing chain during polymerization. These agents are useful for decreasing the molecular weights of the reactants involved in polymerization 24) . Methylmercaptan is a methanethiol used in the plastics industry as a chain-transfer agent to decrease the molecular weights of the reactants involved in polymerization.
It interferes in the radical polymerization of both MMA-and EMA-based reline resins.
The AC surface was dissolved by primer treatment, and the shear bond strength of the specimens immersed in the methylmercaptan solutions was lower than that of the specimens immersed in water. The purpose of this study was to evaluate the influence of immersing denture base resin in methylmercaptan solution in order to clarify the effects of methylmercaptan on the shear bond strength between a heat-polymerized denture base resin and three hard autopolymerizing reline resins used in chairside procedures. The hypothesis of the present study was that the immersion of denture base resin in methylmercaptan solution would decrease the shear bond strength between the denture base resin and reline resins.
MATERIALS AND METHODS

Materials used
A heat-polymerized denture base resin (AC) (Acron, GC Corp., Tokyo, Japan), an autopolymerizing MMA-based hard reline material (RE) (Rebaron; GC Corp.), and two autopolymerizing ethyl methacrylate (EMA)-based hard reline materials (MI: Mild Rebaron, GC Corp. and TO: Tokuyama Rebase II, Tokuyama Dental, Tokyo, Japan) were used (Table 1) .
Besides, two denture primers -one dichloromethane-based (Denture primer, GC Corp.) and the other ethyl acetate-based (Tokuyama Rebase II adhesive, Tokuyama Dental) -were used as the primers for the denture base resin surface according to the manufacturer's instructions.
Specimen preparation
A total of 120 disk-shaped specimens (diameter: 10.0 mm; thickness: 5.0 mm) were prepared from the denture base resin according to the Boucher's manual 25) and polymerized in a constant-temperature water bath (Curetron-1, Nishikawa, Tokyo, Japan) at 74°C for 8 hours 25) . All the specimens were embedded in an acrylic tube using an autopolymerizing resin (Unifast II, GC Corp.), and their surfaces were polished with #600 SiC abrasive paper.
For the methylmercaptan solutions, three different concentrations of 0.01, 0.1, and 1.0 mol (methylmercaptan sodium salt (ca. 15% in water), Tokyo Chemical Industry Corp. Ltd., Tokyo, Japan) were prepared. The specimens were then randomly divided into four immersion groups (n = 30), namely the three methylmercaptan solutions of different concentrations and the purified water as a control. All specimens were immersed in their respective solutions at 37°C for 4 weeks.
Shear bond strength test
For the shear bond strength test, 30 specimens from each methylmercaptan solution were divided into three groups according to the reline material used (n = 10). Half of the specimens were treated with the primer, and the remaining specimens were not. A piece of double-sided tape (MAXON No. 200, Holbein Art Materials, Osaka, Japan) with a 4.0 mm diameter hole was placed over the disk to define the bonding area (Fig. 1) . The specimen surfaces treated with and Table 1 Materials used in this study without the corresponding denture primer were attached to a Teflon tube (diameter, 6.0 mm; height, 2.0 mm). The dichloromethane was used as RE primer, because of evaluation for the effect of the primer and according the manufacturer's suggestion. The three reline materials were mixed according to their manufacturer's instructions. After insertion into the Teflon tubes, the reline materials were polymerized on a bench at room temperature under no pressure. After immersion in water at 37°C for 24 hours, the shear bond strengths of all the specimens were determined using a universal testing machine (EZ-S, Shimadzu, Kyoto, Japan) at a crosshead speed of 1.0 mm/min. Shear bond strength was calculated as the maximum load during the shear test divided by the defined bonding area.
Fracture surface analysis
After the shear test, all the fractured surfaces were macroscopically analyzed to classify the fracture patterns. Fractures on the AC surfaces were observed through a scanning electron microscope (SEM) (Miniscope TM-1000, Hitachi High-Technologies Corp., Tokyo, Japan).
Statistical analysis
Statistical analysis was performed using a statistical software (JMP ver. 6.0, SAS, Cary, NC, USA). The shear bond strength of each reline resin was statistically analyzed by two-way analysis of variance (ANOVA) in combination with Tukey's multiple comparison test. Significance level was set at α = 0.05.
RESULTS
The means and standard deviations of shear bond strength are summarized in Table 2 . The results of two-way ANOVA of each reline resin indicated that both the immersion medium (methylmercaptan solutions of different concentrations) and usage of primer significantly affected the shear bond strength between the denture base resin and the reline resin. No interaction was observed between the immersion medium and the primer. The shear bond strength after immersion in the 1.0 mol methylmercaptan solution, both with and without primer, was significantly lower than that after immersion in the other solutions ( Table  2) .
The shear bond strength, regardless of the immersion medium, was greater when the primer was used than when it was not, except for the shear bond Groups identified with the same superscripts are not significantly different (p < 0.05). Table 2 Means and standard deviations of shear bond strength (MPa) of the test groups in this study (n = 5). Cohesive fracture of reline resin / mixed fracture (mixed fracture of AC side) / interfacial fracture Table 3 Fracture patterns after the shear bond strength test strength of TO after immersion in the 1.0 mol solution. The fracture patterns obtained after the shear bond test are classified in Table 3 . Interfacial fractures were most commonly observed. When the primer was not used, all fractures, except for 10 RE specimens, were interfacial fractures.
When the primer was applied, mixed fractures were observed in 15 RE, three MI, and one TO specimens, while cohesive fracture was noted in one RE specimen.
SEM images of the fracture surfaces on AC immersed in purified water and 1.0 mol methylmercaptan solution are shown in Figs. 2, 3 and 4. The surfaces of RE and MI specimens in 1.0 mol methylmercaptan solution to which the primer was not applied developed interfacial fractures. The remaining RE and MI specimens to which the primer was applied had rough surfaces due to residues of the reline resin. The surfaces of the TO specimens with and without the primer, except for a control specimen with the primer, showed interfacial fractures. No residues of the reline resin were observed.
DISCUSSION
Results of the shear bond strength test showed that not only MMA-, but also EMA-based, reline resins immersed in the 1.0 mol methylmercaptan solution exhibited significantly lower bond strengths than the resins immersed in purified water, regardless of primer application. Methylmercaptan is a methanethiol used in the plastics industry as a chain-transfer agent to decrease the molecular weights of the reactants involved in polymerization. It hence interferes in the radical polymerization of both MMA-and EMA-based reline resins. Although the AC surfaces were dissolved by primer treatment, the shear bond strengths of the specimens immersed in three metylmercaptan solutions of varying concentrations were lower than those immersed in water. These results suggest that the methylmercaptan adsorbed on the AC resin surfaces interfered in the polymerization of the reline resins. Indeed, small areas of unpolymerized reline resins were observed on the SEM images of the debonded AC surfaces of the specimens immersed in the methylmercaptan solutions.
On the fracture patterns of specimens immersed in water without primer treatment, two out of five RE specimens exhibited mixed fractures, while all MI and TO specimens exhibited interfacial fractures (Table 3) . These results showed that the RE resin had a greater monomer-penetrating activity than the MI and TO resins. It is noteworthy that the molecular weight of the MMA monomer of RE resin was lower than those of the EMA-based monomers of MI and TO resins. This difference could have thus accounted for the difference in monomer penetration from the reline resins into the denture base resin 24) . Therefore, by virtue of its higher monomer-penetrating capability, RE is usually used without primers. Conversely, MI is usually used with a dichloromethane-based primer and TO with an ethyl acetate-based primer, since EMA monomers -unlike MMA monomers-do not penetrate the denture base resin easily.
It is also noteworthy that the dichloromethane-based primer was more effective than the ethyl acetate-based primer 12) . Hence, the difference in bond strength with or without the use of primer was more pronounced in the case of MI than in the case of TO.
The SEM images of RE and MI specimens treated with primer revealed rough surfaces due to residual reline resins. The primer dissolved the AC surface and methylmercaptan penetrated into the AC surface might be eliminated by the evaporation of the primer. Significant differences were observed between the RE specimens with and without primer treatment after they were immersed in the 1.0 mol methylmercaptan solution.
The AC surface immersed in the highconcentration methylmercaptan solution, whereas it was only slightly so for the AC surface immersed in the low-concentration methylmercaptan solution. Consequently, methylmercaptan that had deeply penetrated AC could not be completely removed by the primer and hence interfered in the polymerization of the reline resins. Indeed, fractures observed after immersion in the high concentration methylmercaptan solution were almost exclusively interfacial failure.
Some reports have examined the penetration of bacteria into denture acrylic resins 26, 27) . Many bacterial species penetrate the surface of acrylic resins up to a depth of 3 mm. In particular gram-negative bacteria produce methylmercaptan from l-methionine, an amino acid 20) . Dentures that have been used for a prolonged period and porous dentures are more easily penetrated by bacteria, which deeply invade the dentures and produce methylmercaptan. In the present study, the purpose of immersing denture base resin in methylmercaptan solutions of varying concentrations was to simulate the conditions under which methylmercaptan is produced in the dentures.
In conclusion, results of the present study suggested that dentures that have been used for a long time, and are hence potentially deeply invaded by microorganisms, are difficult to reline. Microorganisms produce methylmercaptan, which causes the separation of the reline resin from the denture base resin, even after the dissolution of the denture surface by primer treatment.
